The pigmentation (pgm) locus is a large unstable area of the Yersinia pestis chromosome composed of a segment of iron acquisition (HPI) linked to a pigmentation segment. In this work we examined the mobility of HPI and the pigmentation segment in three Y. pestis isolates using successive subcultures on Congo red agar (CRA) plates. Strain P. CE 882 was shown to be highly stable while strains P. Exu 340 and P. Peru 375 dissociated into several phenotypes, PCR analysis showing evidence of changes in the pgm locus of the derived cultures. Strains P. Exu 340 and P. Peru 375 produced previously unreported cultures positive for the pesticin/yersiniabactin outer membrane receptor (psn+) but negative for the iron-regulated protein (irp2-), suggesting the occurrence of rearrangements in this chromosomal region and either a sequential loss or the loss of separated segments. These results provide evidence that besides deletion en bloc, specific rearrangements are also involved in the deletion events for that locus.
Introduction
The genus Yersinia (Enterobacteriaceae) contains 11 species, three of which, pestis (causing bubonic plague) and the enteropathogens pseudotuberculosis and enterocolitica, are pathogenic in humans (Perry and Fetherston, 1997) , with plague strains as well as enterocolitica biotype 1B and pseudotuberculosis serogroups I and III also being highly pathogenic in mice (Carniel, 2001) . All pathogenic strains of Yersinia carry the conserved 70-kb plasmid associated with Yersinia virulence (pYV) which is essential for virulence, with Y. pestis also harboring two other plasmids (pFra and pPst) that are necessary for the expression of complete virulence in this organism (Perry and Fetherston, 1997) .
The chromosome of highly pathogenic yersiniae contains a region involved in siderophore-mediated iron acquisition, which is considered a high-pathogenicity island (HPI) (Carniel, 2001 ). The Y. pestis HPI is located in a large unstable area of chromosomal DNA (102-kb) first identified by Fetherston et al. (1992) and named the pigmentation locus (pgm). This area is composed of a~35 kb iron acquisition segment (the HPI) linked to a~68 kb pigmentation segment (Buchrieser et al., 1998) . In the Y. pestis iron acquisition segment there is a cluster of genes formed by the iron-regulated protein (irp), yersiniabactin siderophore biosynthetic protein (ybt) and the pesticin/yersiniabactin outer membrane receptor (psn) cluster (called the psn cluster in Y. pestis or the pesticin/yersiniabactin receptor protein (fyuA) cluster in Y. enterocolitica) which is involved in the biosynthesis of the yersiniae-siderophore (yersiniabactin or Ybt). Besides having two different names (psn and fyuA), this gene cluster has dual functions in that it encodes for both the pesticin bacteriocin receptor and Ybt (Carniel, 2001; Rakin et al., 1994 Rakin et al., , 1996 . The hemin storage (hms) locus is located in the pigmentation segment and is responsible for the Congo red binding pigmented phenotype (pgm+) of colonies grown on Congo red-agar plates (CRA) (Buchrieser et al., 1998; Fetherston e Perry, 1994; Pendrak and Perry, 1993) .
In Y. pestis, the iron acquisition and transport systems are also under the regulation of a ferric uptake regulation (Fur) protein encoded by the fur gene located in another area of the chromosome outside the iron acquisition segment (Staggs and Perry, 1992) .
Two copies of the insertion sequence (IS) IS100 flank the 102-kb region of Y. pestis. Homologous recombination between two IS100 sequences leads to the deletion of the Genetics and Molecular Biology, 29, 1, 126-131 (2006) Copyright by the Brazilian Society of Genetics. Printed in Brazil www.sbg.org.br segment responsible for the pigmentation (Pgm-) phenotype (Fetherston et al., 1992) . Pgm-cultures are avirulent in mice inoculated via the peripheral route, except when coadministered with iron (Fetherston et al., 1992; Jackson and Burrows, 1956 ). These deletions were believed to occur en bloc. However, the existence of Pgm-irp2+ cultures (Iteman et al., 1993) suggests that the pigmentation segment is mobile and independent of the iron acquisition segment. Buchrieser et al. (1998) identified several rearrangements involved in different phenotypes of colonies developed on CRA plates from cultures of different geographical origin.
The aim of the work described in this paper was to determine the mobility of HPI and the pigmentation segment in Y. pestis isolates through successive subcultures on CRA plates and using PCR for the determination of the genes from the two segments of the pigmentation locus and fur.
Material and Methods

Bacterial isolates and culture conditions
The study involved three Y. pestis isolates: an early isolate (P. Exu 340) derived from the bone marrow of a finger from a fatal human case of plague in 1969; a more recent Brazilian isolate (P. CE 882) derived from a blood culture from a plague case in 1997 in the Brazilian State of Ceará; and a 1994 isolate (P. Peru 375) from a Peruvian plague patient. The Girard-Robic EV76 vaccinal strain served as the pigmentation phenotype control. These strains are held at the culture collection of the Department of Microbiology, CPqAM (Leal-Balbino et al., 2004) . For this work, the parent cultures were reactivated by growing them at 28°C in brain heart infusion (BHI) broth, (Difco, USA) for 24 h and then plating on blood agar base (BAB; Difco, USA) for 48 h.
After reactivation, the cultures were submitted to successive subculturing on Congo red agar (CRA) plates incubated at 26°C for 4 days (Surgalla et al., 1970) for phenotypic observation. There were five different types of colonies: red (R), white (W), half red/half white (RW), red with a thin white border (RWB) and white with a red pin-point center (WRP). Phenotypically selected colonies from the CRA plates were grown in brain heart infusion (BHI) broth and their genomic DNA extracted according to Maniatis et al. (1982) for PCR assay.
The number of subcultures and colonies analyzed varied for each parent culture, the derivative strains were allocated a strain number commencing with YP (for Y. pestis) followed by the parent strain number, subculture number and phenotype ( Figure 1 ).
PCR analysis
Parent and derivative cultures of strains P. CE 882, P. Exu 340 and P. Peru 375 were analyzed for the presence of genes from the iron acquisition (psn, ybtE, irp2) and the pigmentation segments (hmsH) using PCR with primers derived from published sequences (Rakin and Heeseman, 1995; Buchrieser et al. 1999; Guilvout et al. 1993; Schubert et al. 1998) .
To further understand the events involved in the modifications of the pgm locus, the presence of the ansP gene, located in the central area of this locus (between the iron ac- Leal-Balbino et al. 127 quisition and the pigmentation segments), was investigated with specific PCR primers obtained using the 'PrimerSelect' program (DNAstar, Inc.). The role of Fur in the different phenotypes obtained on CRA plates from the parent cultures was examined by determining the presence of the fur gene by PCR using primers derived from the published sequence of this gene (Hinnebush et al. 1998) .
The PCR reactions for psn, ybtE, irp2, hmsH, fur and L-asparagine permease (ansP) genes, consisted of 20 ng of strain DNA, 1U of Taq DNA polymerase (CENBIOT, BR), 160 mM of each dNTP (Amersham Biosciences of Brazil Ltda, BR), 1.5 mM MgCl 2 , 20 pmol of each primer, 50 mM KCl and 10 mM Tris-HCl-pH 8 in a final volume of 25 mL. Amplifications were performed in a thermocycler (Perkin Elmer, USA) programmed for 25 cycles of 1 min at 94°C, 2 min at the annealing temperatures (Tm) and 3 min at 72°C, finishing with a final elongation step of 7 min at 72°C. The sequences of the forward primer (FP), reverse primer (RP) the size of the expected segments and Tm are shown in Table 1 . The annealing regions of the primers on the targeted genes (pgm locus) were confirmed using the 'PrimerSelect' program.
Construction of the HmsH probe and hybridization
The presence of the pigmentation segment was determined in the RWB and WRP phenotypes by amplification of the hmsH gene and the three phenotypes (R, RWB and WRP) were compared with regard to this genomic region. Total DNA of the parent strains (P. Exu 340, P. CE 882 and P. Peru 375) and derived cultures was digested with the DraI and AvaI restriction enzymes and hybridized with a probe directed to the hmsH gene.
The HmsH probe was obtained by PCR and labeled during the amplification reaction using the DIG-dNTP DNA Labeling and Detection Kit (Boehringer Mannheim, DE) following the manufacturer's instructions.
Based on the restriction map of the hmsH gene obtained with the 'PrimerSelect' program we chose DraI and AvaI to digest the total DNA extracted from the Y. pestis cultures. The restriction fragments were separated by electrophoresis, transferred by vacuum to nylon membranes using the VacuGeneTMXL (Amersham Biosciences of Brazil Ltda, BR) system and hybridized with the HmsH probe. Pre-hybridization (for 30 min) and overnight hybridization were performed at 65°C in a hybridization oven (ColeParmer, USA) following the protocol provided with the kit (Amersham Biosciences of Brazil Ltda, BR).
Analysis of the psn gene sequence
To confirm that the segment amplified by PCR was really part of the psn gene, the amplified psn segments of the Y. pestis cultures were eluted from the gel, purified using the Concert Nucleic Acid Purification Kit (Gibco, USA) and analyzed in an ABI 310 automatic sequencer (Applied Biosystems, USA). The nucleotide sequences obtained were analyzed with the BLAST program (www. ncbi.nlm.nih.gov) (Altschul et al., 1997) .
To compare the segments of the psn gene amplified from the different cultures, the PCR products were digested with EcoRV and BclI and the fragments separated by agarose gel electrophoresis.
Nucleotide sequence accession number
The Genbank accession number for the sequence of the psn gene of strain YP 340/15W is AY461411.
Results and Discussion
Pigmentation analysis of the colonies grown on CRA plates revealed important differences among the three isolates studied. Strain P. CE 882 has proved to be highly stable, since its isolation in 1997 (Leal and Almeida, 1999) it has produced only red (R or Pgm+) colonies on CRA plates and no phenotypic alteration has been detected through 32 subcultures (Figure 1) . Strain P. Exu 340 was found to be unstable because when it was obtained in 1969 and first analyzed it was Pgm+ but developed red colonies with a thin white border (RWB). After 10 subcultures of the RWB colonies only white (W or Pgm-) colonies were produced on CRA plates (Figure 1) .
Strain P. Peru 375 also proved to be unstable, with its initially red colonies producing five different types of subculture colonies (R, W, RW and WRP). After the 22 nd subculture from RWB or WRP, completely white colonies were observed (Figure 1) . 128 pgm locus and pigmentation in Yersinia pestis PCR using primers directed to genes of both segments of the pgm locus resulted in amplification of all the expected DNA segments of the correct sizes corresponding to the genes irp2 (1000 bp), ybtE (1200 bp) and hmsH (730 bp) in the parent strain P. CE 882 and its derivative cultures (Figures 1, 2B-D) . There was also amplification of all the targeted genes of strain P. Exu 340 (RWB) and of the different P. Peru 375 phenotypes (R, RWB and WRP) analyzed. These genes were not amplified in the white cultures derived from strains P. Exu 340 and P. Peru 375 (Figure 1) .
A segment of the expected size (730 bp) for the ansP gene was amplified in the parent strain P. CE 882 (R) and in the four (Pgm+) These results suggest that the central region of the pgm locus is complete in the R, RWB and WRP phenotypes and is deleted in the W phenotype.
The PCR analysis showed that the pgm locus is similar in the R, RWB and WRP phenotypes. However, the HmsH probe only recognized the R and RWB phenotypes and the hybridization profiles obtained in the two phenotypes were identical (Figure 3) . Despite the phenotypic difference, no alteration was detected in the pgm locus of the R and RWB isolates using either PCR or hybridization with the probe. The WRP phenotype was not recognized by the probe in spite of PCR amplification of the hmsH gene. This phenotype is probably composed of a mixed population, where the number of Pgm+ cells is too small and the target is not detected by hybridization, although efficiently amplified by PCR.
The amplification product of the expected size for the fur gene (328 bp) was obtained in all the parent and derivative cultures studied, independent of whether the phenotype was R, RWB, WRP or W, suggesting that the phenotypic modifications are not related to this gene (Figure 4).
Amplification of a segment of the expected size (920 bp) for the psn gene was observed in all cultures of strains P. CE 882, P. Exu 340, P. Peru 375 and derivative cultures, independent of their phenotype on CRA plates. Unexpectedly, this segment was also amplified in the white cultures (W) derived from strains P. Exu 340 and P. Peru 375, Figure 2 -PCR products from primers directed to the genes: ansp (A); irp2 (B); ybtE (C) and hmsH (D) and the strains P. CE 882R (lines 1, 6, 11, 16); YP 882/4R (lines 2, 7, 12, 17); YP 882/18R (lines 3, 8, 13, 18); YP 882/22R (lines 4, 9, 14, 19); and YP 882/32R (lines 5, 10, 15, 20) ; M = 100 bp DNA ladder. in spite of the absence of the irp2, ybtE, ansP and hmsH genes in these cultures (Figures 1, 5A Comparison of agarose gel electrophoresis bands of the segments of the psn gene amplified in the different cultures and digested with BclI and EcoRV revealed an identical restriction pattern in all the cultures (Figure 5B-C) .
It has been reported that in Y. enterocolitica deletion of the fyuA irp2 genes occurs only in the fyuA part of the gene cluster. Three different types of cultures (fyuA+ irp2+, fyuA-irp2-and fyuA-irp2+) were observed in Y. enterocolitica by Rakin et al. (1994) but the psn + irp2-isolate found among the Y. pestis strains in the present study has not been previously described.
The irp1, irp2, fyuA fragment is unstable in Y. enterocolitica and Y. pseudotuberculosis. Lesic et al. (2004) showed that the excision of HPI in Y. pseudotuberculosis requires the combined actions of an integrase and a recombination directionality factor. In Y. enterocolitica, this instability is due to IS1328 or other insertion elements adjacent to fyuA (Fetherston et al., 1992; Rakin and Heeseman, 1995) . The deletion may involve the fyuA gene only or both fyuA and irp2 (Rakin and Heeseman, 1995) .
The finding of psn + irp2-cultures suggests the occurrence of rearrangements in this region and a sequential loss or the loss of separated segments. These events are also probably due to the presence of repetitive sequences (RS4 and RS5) or of insertion sequences (IS100) flanking the Y. pestis HPI (Fetherston et al., 1992; Buchrieser et al., 1998) .
Our results suggest that the alteration of the 102-kb region of Y. pestis involves not only deletion en bloc by homologue recombination between IS100 sequences flanking the region but also other specific rearrangements in this segment.
